ABSTRACT The effectiveness of light-induced killing of mosquito larvae in the presence of photosensitizers was studied with larvae of Aedes aegypti (L.), Anopheles stephensi (Liston), and Culex quinquefasciatus Say grown in the laboratory and of Cx. quinquefasciatus grown under Þeld conditions. Tested photosensitizers included xanthene, chlorin, and porphyrin derivatives. All the larvae were treated at the fourth instar. Preliminary laboratory experiments showed a light-induced lethal effect of Rose Bengal (RB) on three species of mosquito larvae. Compared with other photosensitizers, RB seemed to be more efÞcient at even lower concentration than chlorin (e6) and chlorophyllin on Ae. aegypti larvae. Among the four porphyrin derivatives, i.e., chloroquinoline tetraphenyl propioamidoporphine, tetraphenyl porphine tetrasulfonate, hematoporphyrin (HP), and tetraphenylporphinepropionic acid porphine, HP was the only effective photosensitizer on Ae. aegypti larvae. The best conditions for Þeld tests using RB were conducted on Cx. quinquefasciatus in Bobo-Dioulasso, Burkina Faso. The mortality induced by RB varied from 80 to 96% obtained with unÞltered cesspit water to 0.4 to 6.7% in cesspits with a heavy load of organic materials, thus providing the basis for further developments of this technique under Þeld conditions.
PHOTOSENSITIZING AGENTS ACTIVATED BY sunlight or artiÞcial light have been considered as a tool to control several types of insects (Ben Amor and Jori 2000) . Such molecules called photoinsecticides, have been successfully used in agriculture to Þght insect pests (Moreno et al. 2001 ). This concept is based on photodynamic reactions. These are oxygen-dependent photosensitized reactions in which a substrate (S) (here, a biomolecule) is destroyed only in the presence of a chromophoric molecule called a photosensitizer (P) that absorbs light. Among other processes, light absorption promotes P in a long-lived (several microseconds to milliseconds) excited state called a triplet state. There are two types of photodynamic reactions. In a so-called "type 1 photodynamic reaction," because of its long lifetime, P in the triplet state reacts with S to produce a semioxidized substrate, e.g., a radical species (⅐S ϩ ), which reacts in turn with molecular oxygen to yield the oxidized S. Alternatively, in a "type 2 photodynamic reaction," the photosensitizer in its triplet state transfers its excess electronic energy to molecular oxygen, thereby producing singlet oxygen ( 1 O 2 ), a major cytotoxin. Amino acids such as Trp, His, Cys, Met, purines (essentially guanine), vitamins E and C, and polyunsaturated fatty acids are examples of biologically relevant photodynamic substrates. Well-known photosensitizers include several families of aromatic and heterocyclic compounds such as pyrenes, xanthenes, phenothiazines, porphyrins, and chlorins (Kohen et al. 1995) .
The current study is intended to further demonstrate the validity of the concept of photoinsecticides in medical entomology. This concept is based on the killing of insects at their larval stage through the combination of sunlight plus a photosensitizer of low environmental impact. Two major classes of photosensitizers nontoxic to mammals are generally used: the xanthene derivatives, such as Rose Bengal (RB) or phloxine B (Heitz 1987) , and more recently porphyrin derivatives absorbing essentially the near UV-visible light wavelengths so they can efÞciently be excited by natural sunlight (Rebeiz et al. 1987) . Furthermore, RB is a nontoxic photosensitizer, currently used as food additive, and hematoporphyrin (HP) was prescribed for a long time for human use (as strengthening food). These families of photosensitizers also were chosen because they are rapidly eliminated from the environment. The eradication of several types of insects by the combination of near UV or visible light plus pho-todynamic photosensitizers has already been studied under a variety of experimental and concentration conditions (Ben Amor and Jori 2000) . In the current study, we focused on the phototoxic effects of xanthene and porphyrin derivatives on three mosquito species of public health importance: Culex quinquefasciatus Say (1823), Anopheles stephensi (Liston 1901) , and Aedes aegypti (L., 1762). Reproducible experimental procedures were used and in some instances compared with an insecticide belonging to the pyrethroid family, which becomes less and less effective against mosquitoes due to resistance. In addition, the transfer of the best xanthene derivative, RB, from laboratory assays to Þeld conditions was carried out with Cx. quinquefasciatus, a major noxious mosquito vector found in tropical urban areas.
Materials and Methods
Chemicals and Routine Equipment. The photosensitizers chlorophyllin (CP), HP, and RB were purchased from Sigma (St. Louis, MO), whereas 5,10,15,20-tetraphenylporphine-tetrasulfonate (TPPS) and chlorin (e6) were provided by Porphyrin Products (Logan, UT).
The porphyrin derivatives 5,10,15,20-tetraphenylporphine-1Ð3-{4-(4-aminobutyl)7 chloroquinoline}-propioamidoporphine (TQ) and 5,10,15,20-tetraphenylporphine-1-(3-propionic acid) porphine (TC) were prepared as described in Morliere et al. (1990) . All routine chemicals were of analytical grade and were used as received from Merck (Darmstad, Germany) and Sigma. The stability and concentration of the solutions of the photosensitizers was checked by absorption spectrophotometry by using a UVIKON 943 spectrophotometer.
The irradiations with visible light were carried out with a proprietary irradiation table equipped with two 500-W tungsten lamps. These lamps provide a uniform light ßuence over the illuminated 30 by 30-cm thermostated (25ЊC) area. The light ßuence, also called light dose, is deÞned as the total number of photons delivered to an area. Calibration of the light ßuence was performed by chemical actinometry by using the photosensitized degradation of histidine by hematoporphyrin as an actinometer. A chemical actinometer (or dosimeter) is a chemical system that undergoes a light-induced reaction at a certain wavelength for which the quantum yield is accurately known; the quantum yield is the number of molecules destroyed divided by the number of absorbed photons at that particular wavelength in the same period of time (Bazin and Santus 1986) .
Laboratory Breeding of Mosquitoes. Ae. aegypti eggs were a gift from Alon Warburg (Department of Parasitology, Hadassah Medical School, Hebrew University, Jerusalem, Israel). The eggs were on pieces of Whatman paper. When needed, pieces of paper containing the eggs were soaked into plastic dishes containing tap water. Emergence of larvae occurred between days 2 and 3 after incubation. Fourth instars used throughout the study were picked from these containers.
An. stephensi larvae used in this study were from a laboratory colony maintained at the Museum National dÕHistoire Naturelle, Paris, France, by Irè ne Landau. Brießy, Þrst and second instar larvae were collected from the main colony and bred in the same containers as Ae. aegypti larvae until the fourth instar.
The standard susceptible "S-lab" strain of Cx. quinquefasciatus larvae originally from California (Georghiou et al. 1966 ) was used for phototoxicity assays. This strain is free of any detectable insecticide resistance mechanism.
Results and Discussion
Laboratory Selection of Photosensitizers on Culinae and Anophelinae Mosquito Larvae. Preliminary assays were performed with larvae of An. stephensi (Anophelinae) and Ae. aegypti (Culicinae) to select the most effective photosensitizers and to determine reproducible experimental procedures for laboratory and Þeld assays. Aliquots containing 20 larvae of An. stephensi in the fourth instar and 10 Ϫ4 or 10 Ϫ6 M RB or HP were exposed to a visible light intensity (ßuence rate) of 10
for 3 h. The phototoxic effects were analyzed in the postirradiation period; the larvae being left under daylight. Twenty-four hours after irradiation, 0% survival was recorded with both photosensitizers at a concentration of 10 Ϫ6 M. At the highest concentration (10 Ϫ4 M), HP is much less effective than RB because HP forms large aggregates in which a strong quenching of the HP photosensitizing triplet state occurs (Rodgers 1985) . As a consequence, to cover a broader experimental concentration range under similar molecular dispersion, the next assays were conducted with RB.
A second set of experiments was carried out after a 24-h preincubation in the dark of fourth instars of An. stephensi in the presence of food and 10 Ϫ4 or 10 Ϫ6 M RB (Fig. 1, M3) . After 3 h of irradiation with the same light intensity as that used in the preliminary assays, the survival of these larvae (hereafter called M3 larvae) exposed to diurnal light was determined. Other larvae were treated under similar conditions but RB was added at the onset of the irradiation (M1 larvae) (Fig. 1, M1) . At the end of the irradiation, all the M3 larvae were killed after incubation with 10 Ð 4 M RB but only 45% after incubation with 10 Ð 6 M RB. However, 1 h later all the remaining M3 larvae incubated with 10 Ϫ6 M RB were dead. For M1 larvae, immediately after irradiation, survival of 75 and 90% was recorded after incubation with 10 Ϫ4 and 10 Ϫ6 M RB, respectively. Five hours after irradiation, 85% of larvae incubated with 10 Ð 4 M RB were dead, but 75% of those incubated with 10 Ð 6 M RB were still alive. Controls without RB but irradiated under light conditions of M3 exhibited 100% survival 24 h after irradiation. This demonstrated the excellent phototoxicity of RB and the advantage of a 24-h preincubation of the larvae with the photosensitizers in the dark before irradiation. These data suggest application of the photoinsecticide before sunlight if it used in the Þeld. The phototoxicity of several chlorins and porphyrins toward fourth instars of Ae. aegyti larvae was assayed under similar incubation conditions in the dark before irradiation. After a 3-h preincubation with 10 Ϫ6 M of the studied photosensitizers, larvae were carefully washed and exposed to visible light (ßuence rate 3 ϫ 10 Ϫ4 mol s Ϫ1 m
Ϫ2
) during 3 h. After irradiation, larvae were transferred to a regular medium without photosensitizer and stored in the dark. The survival was determined 3, 18, 24, 48, and 72 h after irradiation. Controls without photosensitizer were processed under similar conditions. Chlorin (e6) (CH) and HP were phototoxic but to a lesser extent than RB. Thus, the survival at time T ϭ 0 after CH photosensitization was 80 versus 60% for RB and 30 and 20% versus 0% for RB at time T ϭ 48 and T ϭ 72, respectively. HP was as effective as RB at time T ϭ 0, but 20% of the larvae remained alive 72 h after the irradiation (Fig. 2) . However, CP, TQ, TC (Morliere et al. 1990) , and TPPS were practically ineffective until at least 48 h after irradiation (data not shown).
Phototoxicity Assays of Rose Bengal and Hematoporphyrin on Cx. quinquefasciatus Larvae. Cx. quinquefasciatus larvae were selected because these mosquitoes are major pests in tropical urban areas and vectors of Þlariasis. Furthermore, this model is currently used in assays testing conventional insecticides. Fourth instars of the S-lab strain were maintained under fasting conditions during 8 h in diurnal light and then kept 4 h in the dark in the presence of a mixture of the studied photosensitizer and crushed cat food (Friskies Vitallyϩ). After careful washes, larvae were exposed to a light ßuence rate of 3 ϫ 10 Ϫ4 mol s Ϫ1 m
during 3 h and then left in the dark for 24 h before survival counting. In the "M three-type" procedure larvae were preincubated 24 h in the dark with 10 Ϫ4 or 10 Ϫ6 M RB or in the absence of RB (RB ϭ 0) before a 3-h exposure to visible light at a ßuence rate of 10 Ϫ4 mol s Ϫ1 m
. In the M1-type procedure, the photosensitizer was added at the beginning of the irradiation. The postirradiation period was under diurnal conditions. This Þgure shows the results of one experiment representative of four for which the experimental errors were Ͻ10%.
Fig. 2.
Comparison of the phototoxic effect (percentage of survival) of CH and HP to that of RB toward fourth instars of Ae. aegypti. Larvae were left for 3 h in the dark in the presence of the photosensitizer at a concentration of 10 Ϫ6 M and then carefully washed. After their transfer to a regular medium, larvae were exposed to visible light (ßuence rate 3 ϫ 10 Ϫ4 mol s Ϫ1 m
Ϫ2
) during 3 h. Controls (C) were treated under similar conditions but in the absence of photosensitizer. The irradiated larvae were maintained in the dark and the survival was determined at various times after irradiation as indicated.
The World Health Organization (WHO) recommendations were followed to compare the effectiveness of the photosensitizers RB and HP to that of permethrin, a conventional pyrethroid insecticide. Concentrations were expressed in milligrams per/ liter (ppm) and lethal doses corresponding to 50% (LD 50 ) and 95% (LD 95 ) mortality and their 95% conÞdence intervals (CI) were determined from the computerized log-probit analysis (Raymond et al. 1997) .
After preliminary assays to assess the toxicity range, four concentrations were selected. For each concentration, 80 larvae were left in a medium made of 100 ml of deionized water and 10 ml of a food/ (photo)insecticide mixture. The food mixture was prepared so that it contained a ratio of 200 mg of food per 2 liters of water, enough to feed 400 larvae. The LD 50 and LD 95 are given in Table 1 . Under these experimental conditions, the RB efÞciency was Ϸ50-fold higher than that of HP. Conversely, it turns out that RB was less toxic to mosquitoes (10-fold higher at LD 100 ) than permethrin.
Field Assays with Rose Bengal on Cx. quinquefasciatus Larvae. RB, the most efÞcient photosensitizer, was used for laboratory and Þeld assays on Cx. quinquefasciatus larvae from the town of Bobo-Dioulasso (Burkina Faso).
Under laboratory conditions, 10 mg/liter RB was added to tap water (series 1) or unÞltered water from town cesspits containing Cx. quinquefasciatus larvae (series 2). The water from the cesspits contained suspensions of organic compounds that may adsorb RB. Control experiments were performed in the absence of RB. One hundred larvae per liter were introduced into each plastic bowl at 6 p.m. (full darkness), and they were exposed to natural light (cloudy weather) from 0700 to 1100 hours. Water contamination by conventional insecticides was ruled out by very little mortality in the controls. In the presence of RB, the mortality of larvae was strong (from 80 to 96%) and the percentage of pupae was low (from 4 to 10%) ( Table 2 ). The strong coloration of the larvae due to RB uptake could explain the observed high mortality (data not shown).
Field assays were performed in Þve selected cesspits from different areas from Bobo-Dioulasso. The larval density was determined before and after the treatment. Ten mg of RB per liter was added in each cesspit at night (Ϸ2100 hours). Larval sampling was done 7 h postexposure to sunlight. The results are presented in Table 3 . In contrast to data obtained with cesspit water, mortality was very low in all the cases. Most of the RB probably binds to the cesspit walls or to aggregates of the highly concentrated organic matter and to solid materials present in the cesspits, thereby reducing RB bioavailability for larvae. Alternatively, the organic suspension could be responsible for an inner Þlter effect that impedes the access of sunlight to the larvae.
The results demonstrate that under appropriate experimental conditions larva of vectors of major tropical diseases may be controlled by the combination of sunlight plus photosensitizers of low environmental impact and nontoxic in respect to the WHO classiÞ-cations (WHO 1975) . This observation must be coupled to previous results (Ben Amor and Jori 2000, Moreno et al. 2001) showing that adult pests can be effectively killed by photoinsecticides similar to those used in this study. The preliminary Þeld studies suggest that it is possible to develop Þeld conditions where modest volumes of water, contained in plastic bowls and reasonably transmitting sunlight can be used for killing mosquitoes and pupae, both at the same time. In this regard, recent reports point to the role of simple molecules as speciÞc attractants of adult pests such as mosquitoes (Hallem et al. 2004) . Field assays combining suitable baits for several vectors and one or possibly several photosensitizer(s) might be valuable. 
